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Abstract The transfer of amino acid to tRNA by Escherichia 
coli phenylalanyl-tRNA syntbetase (PbeRS) was studied using 
replacements of Ala 294 in the a subunit previously shown to have 
modified amino acid specificity. Steady-state analysis of tRNA 
charging showed little difference between wild-type and mutants, 
whereas pre-steady-state analysis revealed higher ates of tRNA 
charging by both the A294S PbeRS-pbenylalanyl adenylate and 
the A294G PbeRS-p-Cl-pbenylalanyl adenylate. The decrease in
energy required for the formation of the transition state of amino 
acid transfer in these mutants could be related to a weaker bind- 
ing of the amino acid in the aminnacyl adenylate complex. Thus 
a compromise appears to exist between amino acid activation and 
tRNA charging, because slowing down the first step increases the 
rate of the second step, possibly as a result of decreased stability 
of the PbeRS. amino acid-AMP complex. 
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1. Introduction 
The aminoacyl-tRNA synthetases catalyze the attachment of
amino acids to their cognate tRNAs (for reviews ee [1,2]). The 
phenylalanyl-tRNA synthetase (PheRS) of Escherichia coli is a 
heterotetrameric enzyme (~2)  which contains central antipar- 
aiM t-sheets flanked by ~-helices [3], a structural feature char- 
acteristic of class II tRNA synthetases [4,5]. It also contains all 
three amino acid sequence motifs diagnostic for class II syn- 
thetases [6]. PheRS catalyzes the attachment of phenylalanine 
to tRNA Phe in a two-step reaction: activation of the amino acid 
(Eqn. 1) followed by its attachment to tRNA (Eqn. 2): 
Mg 2+ 
E + Phe + ATP ~ [E'Phe-AMP] + PPi (1) 
[E" Phe-AMP] + tRNA Phe ~ Phe-tRNA Ph~ + AMP + E (2) 
Active site-engineered forms of PheRS with modified sub- 
strate specificity have previously been constructed [7] through 
replacement of Ala 294 in the ~ subunit (the crystal structure of 
PheRS from Thermus thermophilus suggests that the analogous 
residue in that enzyme, Ala314, is positioned at the bottom of 
a phenylalanine binding pocket; M. Safro, personal communi- 
cation). These modifications lead to changes in the kinetics of 
both amino acid activation (Eqn. 1) and the overall aminoacyl- 
ation reaction [8]. Comparison of the steady-state kinetic data 
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for amino acid activation and aminoacylation suggested that 
reducing the catalytic efficiency of the former might increase 
the rate of tRNA charging [8]. However, steady-state kinetics 
can only provide indirect evidence for this conclusion, as they 
cannot completely separate the tRNA charging step (Eqn. 2) 
from the amino acid activation step (Eqn. 1). A more detailed 
understanding of the tRNA charging reaction can, however, be 
obtained by the use of pre-steady-state kinetics [9]. This ap- 
proach has previously been employed to demonstrate how ty- 
rosyl-tRNA synthetase from Bacillus stearothermophilus com- 
promises between the rates of activation and tRNA charging 
in order to optimise the overall reaction rate [10]. 
The tRNA charging reaction of E. coli PheRS can be studied 
by stopped-flow fluorimetry [11,12]. In this work we present 
both steady-state and pre-steady-state kinetic data for the 
charging of tRNA Phe by wild-type and mutant PheRS-ami- 
noacyl adenylates. The mutants chosen were those previously 
shown to possess altered kinetics of amino acid activation [8] 
and an additional mutant with an increased Km for phenylalan- 
ine, G191D, which is located in motif 2 [13]. Amino acid se- 
quence alignments with class II tRNA synthetases whose struc- 
tures have been solved at high resolution in the presence of 
tRNA or aminoacyl adenylates, the aspartyl- [5,14] and seryl- 
[15,16] tRNA synthetases, and comparison with the structure 
of T. thermophilus PheRS (M. Safro, personal communication), 
suggest that Gly TM lies close to regions involved in tRNA, but 
not amino acid, binding [17]. Thus this mutant provides an 
interesting contrast o the mutations of Ala TM which predomi- 
nantly effect amino acid binding [7,8]. 
2. Materials and methods 
2.1. Bacterial strains 
The E. coli strains KA4/pKSC-Ala TM and KA3/pKSC-GIy TM were 
used for the homologous over-production f wild-type and A294G 
PheRS respectively [8]. Strains RR28 [7] and G1 [13] were used directly 
as the source of A294S PheRS and G191D PheRS, respectively. 
2.2. Materials 
L-[U-~4C]Phenylalanine wasfrom Amersham International (Amer- 
sham, UK) and p-chloro-D.L-[1-14C]phenylalanine from NEN-DuPont 
(Boston, USA). Phenylalanine, p-chloro-D,L-phenylalanine a dE. coli 
tRNA Ph" were from Sigma (St. Louis, USA). 
2.3. Purification of PheRS 
Cells were prepared for PheRS purification as described previously 
[8]. All PheRS proteins were then purified as previously described [8] 
except for the following modifications. Following gel filtration and 
concentration the samples were adjusted to 1 M (NH4)zSO 4and applied 
to a Fractogel TSK 650 Butyl hydrophobic interaction column (Merck, 
Darmstadt, Germany). The column was developed with a 1 to 0 M 
(NH4)2SO4 gradient, and the PheRS-containing fractions were pooled 
and further purified by anion exchange chromatography as before. 
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2.4. Preparation of PheRS aminoacyl adenylates 
The enzyme adenylate complex was prepared as follows. PheRS (2 
pM) was incubated in a standard buffer (125 mM Tris-HCl, pH 7.7, 
10 mM MgCI2, 10 mM 2-mercaptoethanol, 0.1 mM dithiothreitol) with 
5 mM ATP (pH 7.0), 170 ,uM [HC]phenylalanine (20 pCi/pmol) or 850 
pM [f~C]p-Cl-phenylalanine (8.7pCilpmol), and 2 units of inorganic 
pyrophosphatase at 25°C for 30 min, and the complex was then isolated 
as previously described [9]. 
2.5. Preparation of aminoaeyl-tRNA eh~ 
tRNA Phe charged with phenylalanine orp-Cl-phenylalanine was pre- 
pared as follows. A294G PheRS (10 nM) was incubated in standard 
buffer with l0 mM ATP (pH 7.0), 1 mM [~4C]p-Cl-phenylalanine (8.7 
,uCi/pmol) or 170/~M [L4C]phenylalanine (20/.tCi/,umol), and 10 ,uM 
tRNA Ph~ for 10 min at 25°C. The product was then separated from 
enzyme and excess substrate by gel filtration on a Sephadex G-25 
column (Pharmacia, Uppsala, Sweden) in 10 mM Bis-Tris (pH 6.0), 10 
mM MgC12 and 10 mM 2-mercaptoethanol. 
2.6. Steady-state kinetic analyses 
All steady-state methods were as previously described [8] except hat 
tRNA charging was performed using the procedure described by Avis 
et al. [9] with tyrosine replaced by either phenylalanine or p-Cl-phenyla- 
lanine. 
2. Z Direct observation of the reaction of tRNA Ph~ with PheRS- 
aminoacyl adenylates 
The reaction of wild-type E. coli PheRS-aminoacyl adenylate with 
tRNA Ph~ gives rise to two changes in intrinsic protein fluorescence. 
These have previously been attributed to the formation of a complex 
with tRNA Ph~ and the subsequent phenylalanylation f tRNA Phe [12]. 
The rates of these changes were monitored in an Applied Photophysics 
Model SX 17MV stopped-flow spectrophotometer (Applied Photo- 
physics, Letherhead, UK). All experiments were performed at 
25 _+ 0.1°C. Excitation was at 285 nm, and emission at wavelengths 
above 320 nm was measured using a cut-offfilter in the emission light 
path. One syringe contained 0.6 pM purified aminoacyl adenylate com- 
plex (see above), and the other 0.6~6 pM tRNA P~ in 250 mM Tris-HCl 
(pH 7.7). 60/11 volumes from each syringe were mixed and the reaction 
followed using the split time-base facility in order to allow the observa- 
tion of both tRNA binding and amino acid transfer. All reactions were 
repeated at least 4 times and the data collected used to produce average 
traces. These were subsequently fitted to exponential equations using 
the Kaleidagraph data analysis program (Abelbeck Software). 
2.8. Measurement of the rate of product release using a stopped-flow 
apparatus 
The reaction of aminoacyl-tRNA Ph° with PheRS was monitored in 
a stopped-flow spectrophotometer as described in the previous ection. 
One syringe contained 0.25/~M PheRS in 10 mM Bis-Tris (pH 6.0) and 
the other 5 gM aminoacyl tRNAPhL 
3. Results 
3.1. Steady-state tRNA charging kinetics 
The steady-state kinetic parameters with respect o tRNA ph~ 
charging were determined for wild-type and mutant  PheRS 
Table 1 
Steady-state RNA charging kinetics of PheRS with tRNA Phc~ 
PheRS Amino acid K m (/zM) kcat(s -1) kcatlK m(s -1 .,uM t) 
substrate 
Wild-type Phe 0.35 + 0.03 5.4 + 0.52 15.5_+ 2.0 
A294G Phe 0.37 _+ 0.01 4.2 + 0.15 11.4 + 0.4 
A294S Phe 0.34 + 0.02 5.4 + 0.43 15.9 + 1.6 
A294G p-CI-Phe 0.31 _+ 0.13 2.8 + 0.96 9.0 + 4.9 
"Performed at 37°C in order to allow comparison with previously 
determined steady-state parameters [8]. tRNA Phe concentrations were 
varied in the range 0.05-2 ,uM. Rate constants are quoted per mole of 
heterotetrameric enzyme as determined by active site titration. Results 
shown are means and standard errors of at least 3 experiments. 
0.1 
cO 
0.09 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.05 0.1 0.15 0,2 0.25 0.3 
Time (seconds) 0"0151~ 
Double exponential, floating end point 
Fig. 1. Typical fluorescence trace observed on mixing equal volumes of 
PheRS-aminoacyl adenylate (0.3 gM) and tRNA Ph~ (0.3-3 pM) in a 
stopped-flow apparatus (25°C, 125 mM Tris-HC1, pH 7.7). The trace 
is recorded as a signal voltage, an increase in which is equivalent to a 
decrease in fluorescence (F). The trace is fitted to an exponential equa- 
tion as described in the text. The accuracy of the fit is indicated by the 
residual (Fob~-Fcalc). 
(Table 1). p-Cl-phenylalanine was only used as the amino acid 
substrate with A294G PheRS as this is the only of the mutants 
able to activate it [8]. Where phenylalanine was the amino acid 
substrate, the K m values were essentially the same in all cases, 
while the observed ifferences in kc~ values follow the pattern 
previously observed for the aminoacylat ion reaction [8]. Where 
p-Cl-phenylalanine was used as the amino acid substrate the 
standard errors were high, possibly as a result of the lower 
efficiency of activation compared with phenylalanine (for 
A294G PheRS the values of ko,tlK m for pyrophosphate ex- 
change are 0.55 s -J .pM -~ for phenylalanine and 0.11 s -~ "pM -j 
for p-Cl-phenylalanine). 
3.2. Reaction of  isolated aminoacyl adenylate complexes with 
tRNA phi" 
From previous experiments with wild-type PheRS it can be 
expected that the mixing of an aminoacyl adenylate complex 
with tRNA Phe will give rise to two fluorescence changes: the 
first as a result of tRNA binding and the second as result of 
product release [12]. Since product release itself is not rate- 
determining, the rate of the second fluorescence change will be 
determined by the rate of phenylalanine transfer [11]. A typical 
fluorescence trace observed upon mixing a preformed, isolated 
PheRS-aminoacyl adenylate with tRNA Phe is shown in Fig. 1. 
As expected, two fluorescence changes were observed: the first, 
a rapid exponential decrease (recorded as an increase in signal 
voltage) can be attr ibuted to tRNA binding and occurs at a rate 
klobs. The second change can be attr ibuted to product release 
and occurs at a rate, k2obs, determined by the rate ofphenylalan-  
ine transfer. Comparable changes were observed when the anal- 
ogous experiment was performed with tyrosyl-tRNA synthe- 
tase from B. stearothermophilus [9]. Based on these observa- 
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Table 2 
Pre-steady-state kinetic constants for reaction of tRNA phe with wild-type and mutant enzyme-phenylalanyl adenylate complexes a 
295 
PheRS Amino acid k4 (s 1) kon ( S-I "gM -I) koft" (s-l) KtRNA b ~uM) 
substrate 
Wild-type Phe 16.2 _ 1.5 37.1 _+ 5.5 42.8 _+ 7.4 1.2 + 0.27 
A294G Phe 16.3 _+ 1.3 42.1 + 4.5 39.2 + 7 0.93 + 0.19 
A294G p-C1-Phe 25.3 + 1.3 42.6 + 3.5 55.1 _+ 5.2 1.3 _+ 0.16 
A294S Phe 22.7 + 2.4 68.9 + 4.8 30.0 + 8.1 0.44 _+ 0.12 
GI91D Phe 12.8 _+ 1.1 22.8 + 4.0 35.7 + 4.1 1.6 + 0.34 
aStopped-flow experiments performed at 25°C in standard 125 mM Tris-HC1 buffer (pH 7.7) with 0.25 pM adenylate complex and 0.25-4 BM tRNA Phc 
(final concentrations). Rate and dissociation constants were calculated as described in the text. Results shown are means and standard errors of at 
least 3 experiments. 
bKtaNa = kor/ko~. 
tions and on earlier work with E. coli PheRS we can assume 
the same reaction scheme for the charging of tRNA Phe as for 
tRNA Tyr [9]: 
kon k4 
E' Phe-AMP + tRNA phe ~ E'  Phe-AMP- tRNA Phe 
koff k- 4 
k5 
E. Phe-tRNA eh°. AMP ~ Phe-tRNA abe + AMP + E 
Using this scheme, it is possible to calculate values for k4, kon, 
ko•, and KtRNA (= kofflko,) from klobs and kzobs data [9]. This 
procedure was used to determine these kinetic parameters for 
wild-type and mutant PheRS with phenylalanine as amino acid 
substrate and also using p-Cl-phenylalanine with the A294G 
PheRS (Table 2). There is little variation in the dissociation 
constant KtRNA for the various complexes tested with the excep- 
tion of the A294S PheRS-phenylalanyl adenylate. This suggests 
that the presence of an additional hydroxyl group in this mu- 
tant somehow results in a more favourable interaction with 
tRNA than is present in the wild-type. More variation is ob- 
served in the values of k4, the rate constant for amino acid 
transfer. Both the p-C1-Phe-A294G PheRS and the Phe-A294S 
PheRS mutant complexes have significantly faster rates of 
amino acid transfer, as shown by higher k4 values, than the 
wild-type. Only a small increase in KtRNA and decrease in k4 
were observed for the Gly-~Asp ~9~ mutant suggesting that this 
residue is not directly involved in the catalysis of tRNA charg- 
ing. 
3.3. Measurement ofproduct release 
While it has previously been shown that the release of Phe- 
tRNA Phe is not the rate-determining step for tRNA charging by 
wild-type PheRS [11,12], no such data exists for p-CI-Phe- 
tRNA Phe. To investigate this the reaction of A294G PheRS 
(0.25 ¢tM) with an excess of isolated, preformed, p-CI-Phe- 
Table 3 
Gibbs' free energies of enzyme-bound species in the tRNA charging 
reaction, calculated relative to the enzyme-aminoacyl adenylate com- 
plex (E. Phe-AMP) 
PheRS Amino acid GE. Phe-AMP. tRNA G[E-Phe-tRNA- AMP]+ 
substrate (kcal-mol ~) (kcal.mol -~) 
Wild-type Phe -8.07 7.72 
A294G Phe -8.22 7.57 
A294G p-C1-Phe -8.03 7.50 
A294S Phe -8.67 6.93 
G191D Phe -7.90 8.03 
tRNA Ph~ (5/,tM) was monitored by stopped-flow fluorimetry. 
An exponential fluorescence change was observed with 
kob s = 60.9 + 2.1 s -l, over two times the value of k 4 for the 
corresponding charging reaction, indicating that product re- 
lease is not rate-determining. 
3.4. Calculation of the energy levels of enzyme-bound species in 
the tRNA charging reaction 
By substituting pre-steady-state dissociation and rate con- 
stants into thermodynamic equations it is possible to calculate 
the energy levels of the complex with tRNA and the transition 
state of amino acid transfer elative to the aminoacyl adenylate 
complex using the following equations [10]: 
For the complex with tRNA, 
GE. Phi-AMP. tRNA : RT In KtRNA, 
and for the transition state of amino acid transfer, 
GtE-Phe-tRYA MPle: = RT ln(kBTlh) - RT In(k4IKtRNA ) 
where R is the gas constant, T is the absolute temperature, kB 
is Boltzmann's constant, h is Planck's constant and 4= indicates 
the transition state. The calculated energies are shown in Table 
3. The standard state is 1 M for all substrates. The free energy 
of activation of the transition state for wild-type PheRS (15.8 
kcal • mol -~) is comparable to that for TyrRS (15.5 kcal • mol -t 
[91). 
4. Discussion 
The steady-state kinetic data for tRNA charging by PheRS 
provides no further information concerning the second step of 
the aminoacylation reaction than was known from previous 
studies. For the A294G mutant with p-Cl-phenylalanine as 
substrate, the steady state data suggests that this combination 
performs less well than the wild-type combination in contrast 
to the pre-steady-state data which clearly shows that it is, in 
fact, more efficient. This emphasises the problem associated 
with steady-state analysis of tRNA charging, that it cannot be 
entirely separated from the amino acid activation step. While 
this is less of a problem for mutants unaffected in amino acid 
activation [181 or when the tRNA itself is mutated [19], it may 
lead to misleading results where the rate of activation is 
changed as in the example described above. One commonly 
used means of circumventing this problem is to investigate the 
reaction of the free enzyme with tRNA [20,21]. With the excep- 
tion of those aminoacyl-tRNA synthetases that bind tRNA 
296 
Table 4 
Gibbs' free energies ofenzyme-bound complexes in the aminoacylation 
reaction relative to the wild-type 
PheRS Amino acid AzIG[E. Phe-tRNA. AMP]* AdGb(AA 
substrate (kcal- mol-I) a (kcal. mol- )b 
A294G Phe 0 + 1.13 c
A294G p-Cl-Phe - 0.26 + 2.12 c
A294S Phe - 0.19 + 1.58 c
G191D Phe +0.14 + 1.60 d
a Difference inthe size of the energy barrier to transition state formation 
compared with the wild-type, AG[E.Phe_tRNA.AMP]~: -- AGE.Phe.AMP.tRNA. 
bApparent difference in the energy of amino acid binding during 
steady- state pyrophosphate exchange, AAGb(AA) --~ -RT  ln{(kcat/ 
Kin) . . . . . .  I(kcat] Kin)wild-type } " 
Ckc~t and Km values from Ibba et al. [8]. 
dThis work. 
prior to amino acid activation, such techniques can only pro- 
vide indirect information on tRNA binding and no data on the 
rate of transfer. Since in most cases tRNA in fact binds to the 
enzyme-aminoacyl adenylate complex rather than the free 
enzyme such techniques may significantly overestimate KtRNA, 
as was previously found with TyrRS [9]. Additionally, data 
concerning the effects of different amino acid substrates on 
tRNA charging are inaccessible using such methods. 
The free energy values for the intermediates in the tRNA 
charging reaction can be used to compare the contribution of 
different enzyme side chains and substrates to the reaction. 
Table 4 shows the differences in free energy between wild-type 
and mutant reaction complexes for the formation of the transi- 
tion state of amino acid transfer and the apparent differences 
in free energy for amino acid binding during activation calcu- 
lated from steady-state pyrophosphate exchange data [22]. The 
lower activation barrier for the transition states of the p-C1- 
Phe-A294G and Phe-A294S complexes correlates with appar- 
ently weaker binding of the amino acid to the enzyme as shown 
by the AAGb~AA ~ values. This is supported by the data for the 
mutation ofGly TM, which is not involved in amino acid binding, 
where no correlation between binding energy for the two steps 
is observed. Thus a compromise xists between amino acid 
activation and tRNA charging, because slowing down the first 
step increases the rate of the second step, possibly as a result 
of decreased stability of the PheRS. AA-AMP complex. Such 
a compromise has previously been demonstrated forThr 51 mu- 
tants of B. stearothermophilus TyrRS where the rate constant 
for amino acid transfer decreases with increased stability of the 
TyrRS. Tyr-AMP complex [10]. No difference was observed in 
the energy of transition state formation between the wild-type 
and Phe-A294G complexes despite the apparent difference in 
amino acid binding. This may be explained by the difference in 
amino acid binding being insufficient to result in a detectable 
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change in the free energy of transition state formation or may 
simply reflect the inadequecies of a steady-state analysis of 
amino acid activation. In order to resolve this question and to 
obtain data concerning the relative stability of the various 
PheRS.AA~MP complexes it would now be neces- 
sary to undertake a detailed pre-steady-state nalysis of amino 
acid activation by PheRS. 
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